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The genome sequence of a duck hepatitis virus type 1 (DHV-1) strain was determined. Comparative sequence analysis showed that the genome
possesses a typical picornarivus organization and also exhibits several unique features, such as the similarity of internal ribosome entry site to that
of Porcine teschovirus 1 and Hepatitis C virus, the presence of a longest 3′ untranslated region and a shorter leader protein in the Picornaviridae,
the absence of a predicted maturation cleavage of VP0, the association of an aphthovirus-like 2A1 and parechovirus-like 2A2, and the
unprecedented presence of an AIG1 domain in the N-terminus of 2A2. It is concluded that DHV-1 belongs to a new group of the family
Picornaviridae that may form a separate genus most closely related to the genus Parechovirus.
© 2007 Elsevier Inc. All rights reserved.Keywords: Picornavirus; Duck hepatitis virus 1; Genome; AIG1 domainIntroduction
Duck hepatitis virus (DHV) is the causative agent of duck
viral hepatitis, an acute and fatal disease of young ducklings.
Three serotypes of DHV (DHV-1–3) have been described, and
no antigenic relationships have been found between the three
serotypes. DHV-1 is the most widely distributed and can cause
mortality higher than 90% in ducklings under 3 weeks of age,
while DHV-2 and DHV-3 have only been reported in the UK
and the USA respectively. Although DHV-1 was first isolated
50 years ago and initial studies indicated that this virus had
many characteristics similar to those of the genus Enterovirus
(Woolcock, 2003), little was known about this virus in its
molecular characteristics and its precise taxonomical position in
the Picornaviridae. To date, nine genera of the family Picor-
naviridae are recognized (Aphtho-, Cardio-, Entero-, Erbo-,
Hepato-, Rhino-, Kobu-, Parecho-, and Teschoviruses) (Stan-
way et al., 2005). Genera have been defined in the past largely
on the basis of physiochemical properties, but molecular
genetics is now playing a more significant role and members
of different genera, although sharing the same basic structure,⁎ Corresponding author. Fax: +86 10 62733348.
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assignment (Ghazi et al., 1998). In preparing this manuscript,
Kim et al. (2006) and Tseng et al. (2007) reported their results of
sequencing the full genomes of five DHV-1 strains and
proposed that DHV-1 belong to a new group of the Piconavir-
idae due to its possession of several unique features. Here we
report the complete nucleotide sequence of DHV-1 strain C80
(DHV-C80), a chicken-embryo-adapted vaccine strain in China.
The further analysis of DHV-C80 genome is conducted by
employing bioinformatic techniques. On the basis of results
presented in this paper, it is also proposed that DHV-1 be
classified into a separate genus of the family Picornaviridae.
Results
Genomic sequence of DHV-C80
The genome of DHV-C80 was found to be 7689 nt in length
excluding the 18 nucleotide poly (A) tail at the 3′ end. The base
composition of its genome is composed of 29% adenine, 23%
guanine, 21% cytosine, and 28% uracil. The G+C content
(44%) is similar to those of parechoviruses (42% for Ljungan
virus) and teschoviruses (45% for Porcine teschovirus 1).
Computer-assisted analysis of the nucleotide sequence of
Table 1
Comparison of the genomic features of DHV-1 strains C80, O3D and DRL-62
Gene Size a Predicted N-terminal cleavage sites
C80 O3D DRL-62 C80 O3D DRL-62
5′UTR 625 623 626 – – –
Polyprotein 2249 2249 2249 – – –
L 30 – – – – –
P1 701 731 731 L/G – –
P2 757 757 757 E/S E/S E/S
P3 761 761 761 Q/S Q/S Q/S
VP0 226 256 256 L/G – –
VP3 237 231 237 Q/G Q/G Q/G
VP1 238 244 238 Q/G Q/Mb Q/G
2A1 20 20 20 E/S E/S E/S
2A2 285 161 and 124 c 285 NPG/P NPG/P and S/Hc NPG/P
2B 119 119 119 Q/S Q/S Q/S
2C 333 333 333 Q/S Q/S Q/S
3A 93 93 93 Q/S Q/S Q/S
3B 28 34 34 Q/S Q/S Q/S
3C 187 181 181 E/T Q/S Q/S
3D 453 453 453 Q/G Q/G Q/G
3′UTR 314 314 315 – – –
a No. of nucleotides for 5′UTR and 3′UTR and amino acids for proteins.
b There is an alternative possible cleavage site (Q/G) six amino acids downstream, resulting in a VP3 of 237 aa and a VP1 of 238 aa (Tseng et al., 2007).
c An extra cleavage site S|H was predicted to generate 161-aa-long 2A2 and 124-aa-long 2A3 suggested by Tseng et al. (2007).
10 Rapid CommunicationDHV-C80 indicated that the genomic RNA contains one large
open reading frame (ORF nt 626–7375), encoding a putative
polyprotein of 2249 amino acids, which is preceded by 625 nt
and followed by 314 nt and a poly (A) tail. The genome
organization is analogous to that of a typical picornavirus with
5′ and 3′ untranslated regions (UTR) (Table 1). As shown in
Table 2, the polyprotein of DHV-C80 has between 11 and 28%
identity with representatives of the other nine genera in the
family Piconaviridae, with parechoviruses having relatively
higher homology (26 to 28%). A detailed domain comparison of
DHV-C80 with selected viruses of all genera of the Picorna-
viridae confirmed the closest relationship with Human
parechovirus (HPeV) and Ljungan virus (LV). The genome inTable 2
Comparisons of nucleic acid (5′UTR and 3′UTR) and amino acid sequences of DH
Region PV1M HRV14 EMCV FMDV H
5′UTR 43 43 43 43 44
Polyprotein 14 14 14 11 15
L – b – 6 16 N
VP0 13 13 17 7 14
VP3 14 6 13 9 14
VP1 7 6 7 4 12
2A1 ND ND 33 31 N
2A2 ND ND ND ND N
2B 8 12 9 5 4
2C 22 20 20 22 21
3A 5 7 11 4 10
3B 18 17 15 13 c 13
3C 18 18 11 8 15
3D 25 25 20 16 23
3′UTR 54 52 40 50 56
a Values are percent amino acid identities and percent nucleotide identities (for th
b –, no leader protein is encoded.
c FMDV protein 3B1 is used for comparison.length of DHV-C80 is similar to those (7664–7691 nt) of other
DHV-1 strains sequenced by Kim et al. (2006) and Tseng et al.
(2007). All these DHV-1 strains analyzed possess the same size
in ORF and 3′UTR with the exception of DHV-1 strain DRL-62
which contains 3′UTR of 315 nt and give differences in length
of 5′UTR (Table 1; Kim et al., 2006; Tseng et al., 2007).
5′UTR
The 5′UTR of DHV-C80 precedes the putative initiation
codon, which is located in an optimal Kozak context
(GxxAUGG) (Kozak, 1986) at position 626. The length of the
5′UTR is similar to that of other picornaviruses and must encodeV-C80 with selected picornaviruses a
AV HPeV2 LV87-012 ERBV AiV PTV1
43 45 44 45 49
26 28 14 14 14
D – – 13 6 16
30 32 15 10 18
24 28 10 16 11
25 23 8 11 8
D ND 28 35 ND 23
D 12 11 ND 2 ND
28 26 5 9 9
31 33 20 21 17
16 11 9 8 6
16 16 23 32 12
22 23 14 10 16
34 37 17 19 22
46 48 48 43 54
e 5′ and 3′ UTRs) with selected picornaviruses. ND, not determined.
11Rapid Communicationcis-acting elements and an internal ribosome entry site (IRES)
(Wimmer et al., 1993). Four types of picornavirus IRES element
have been described. With the exception of Porcine teschovirus
virus 1 (PTV1) IRES, they are all large, complex RNA structures
of about 450 nucleotides which contain a polypyrimidine tract
located about 20 nt upstream of an AUG codon at the 3′ end of
the element (Wimmer et al., 1993; Chard et al., 2006). However,
in 5′UTR of DHV-C80, the distance between the pyrimidine
tract (CUUUC, nt 616–620; or CCCCCUU, nt 548–554) and the
AUG triplet is distinct from that of picornavirus IRES type I–III.
To examine the relationship between the DHV-C80 5′UTR
and other picornavirus 5′UTR, an alignment of their nucleotide
sequence was performed using ClustalW. The results showed
that DHV-C80 and PTV1 share a higher level of 5′UTR
sequence identity (Table 2). On the basis of this alignment,
within the potential DHV-C80 IRES element up to the initiation
codon (nt 314 to 628), there is a 51% sequence identity with the
PTV1 IRES (nt 121 to 414) (Fig. 1). Of particular interest is the
very high degree of sequence identity within the region of the
PTV1 IRES that corresponds to the entire subdomain IIIe and
part of subdomain IIIf. Thus, it appears that DHV-1 and PTV1
RNAs possess closely related IRES. As demonstrated by Chard
et al. (2006), a model for part of the secondary structure of the
DHV-C80 IRES (Fig. 2C), which looks very similar to this
portion of the secondary structure of the PTV1 and Hepatitis C
virus (HCV) IRES (Figs. 2A and B), was created.
Polyprotein processing
Possible cleavage sites of the DHV-C80 polyprotein were
predicted by amino acid alignment with LV and other
picornaviruses (Fig. 3 and data not shown). The comparisons
do not provide positive evidence for the presence of cleavage of
VP0 into VP4 and VP2. Four previously predicted sites, VP0|
VP3, VP3|VP1, 2A2|2B, and 3C|3D, of LVs (Johansson et al.,Fig. 1. Alignment of DHV-C80 and PTV1 cDNA sequences corresponding to the IR
corresponding to domain II and the subdomains III b to IIIe are indicated. The initiatio
form the pseudoknot (domain IIIf) are marked with xxxx. The overall sequence ide2002) are also conserved in DHV-C80. Both cleavage sites 2B|
2C and 2C|3A were tentatively assigned as Q|S that conform
to the pattern conserved in other 3Cpro sites of DHV-C80 and
are similar to that occurring in Encephalomyocarditis Virus
(EMCV) and Equine rhinitis B Virus (ERBV) respectively
(Wutz et al., 1996). The N-terminal and C-terminal cleavages
(Q|S and E|T, respectively) of 3B were predicted by the genomic
position, presence of the conserved tyrosine (Y) as the third
amino acid, and comparisons with Equine rhinitis A virus
(ERAV) VPg (Wutz et al., 1996).
Prediction of cleavage site VP1|2A in DHV-C80 polyprotein
presented a special challenge. A separate analysis of this region
of DHV-C80 revealed that, similar to LV (Johansson et al.,
2002), it contains the autocleavage motif NPG|P and the H-NC
box. It appears that the DHV-C80 polyprotein is also processed
at an extra site in a region between VP1 and 2B which generates
two 2A proteins (2A1 and 2A2) rather than one. The 3Cpro
cleavage site VP1|2A1 of DHV-C80 was predicted to occur
between E|S (amino acid position 731) by a separate analysis of
VP1 together with 2A1 between DHV-C80 and LV. So a 20-aa-
long 2A1 peptide and a 285-aa-long 2A2 peptide could be
produced in DHV-C80 (Fig. 3).
In most picornaviruses, the N-terminal residue of VP0
becomes myristylated (Chow et al., 1987). In DHV-C80 the
sequence GAVES (aa position 31 to 35) at the end of this protein
was found to comply with the consense sequence (GxxxS/T)
for this function, implying that it may be myristylated at the
N-terminal glycine residue. This observation further indicates
that a leader (L) protein consisting of 30 aa is present upstream
of VP0 (Fig. 3).
Overall, DHV-C80 polyprotein appears to be cleaved into 12
mature products, forming its structural and nonstructural
proteins. As shown in Table 1, the predicted cleavage sites of
DHV-C80 polyprotein are consistent with that of polyproteins
of other DHV-1 strains suggested by Kim et al. (2006) andES elements. Identical nucleotides are shaded. The regions of the PTV1 IRES
n codons are located at the 3′ termini, and sequences involved in base pairing to
ntity from this alignment is 51%.
Fig. 2. Comparison of predicted secondary structure of domains IIIe and IIIf of the DHV-C80, PTV1, and HCV IRES elements. The highly conserved IIIe domains and
predicted pseudoknots of HCV (A), PTV1 (B), and DHV-C80 (C) are shown. Note that for DHV-C80 and HCV the sequences of the domain IIIe loop are identical,
while PTV1 domain IIIe differs at one position (indicated with an arrow) from the DHV-C80 and HCV sequence. The single-nucleotide difference between the domain
IIIf loop of DHV-C80 and PTV1 IRES elements is indicated with an arrow. The initiation codon (AUG) is underlined in each case.
12 Rapid CommunicationTseng et al. (2007) with the exception of cleavage sites L|VP0,
VP3|VP1, and 3B|3C. In addition, two 2A proteins are predicted
in this paper as suggested by Kim et al. (2006) while 3 different
2A proteins were predicted by Tseng et al. (2007). Although the
organization of DHV-C80 polyprotein is typical of other
picornaviruses, particularly that of the LV of the genus Pare-
chovirus, the level of sequence identity of individual DHV-C80
proteins with representative members of the picornaviruses
genera is low and never exceeds 40% (Table 2).
Analysis of capsid protein
Alignment of the capsid proteins of DHV-C80 and other
picornaviruses revealed the detectable sequence conservation
which allowed a prediction of the amino acids making up the
eight-stranded antiparallel β-barrel structure (Rossmann and
Johnson, 1989) in DHV-C80 proteins. The difference between
DHV-C80 and parechoviruses has occurred outside the putative
β-strands (data not shown). Several of the most variable regions
are at the termini, particularly the N-terminus of VP0 and two
termini of VP1. Compared to LV, DHV-C80 has a 36-aa-shorter
N-terminus of VP0 and 52-aa-shorter N-terminus of VP1 (Fig. 3).
Similar to LVs, DHV-C80 possesses atypically high sequence
similarity between C-terminal regions of VP0 and VP1 encom-
passing β-strands I. This conserved region is flanked from the C-
terminus by a tetrapeptide CysProArgPro (CPRP) in VP0 of
DHV-C80 (Fig. 3) that is typically found in the equivalent position
of VP1 of a majority of picornaviruses (Johansson et al., 2002).
These observations indicated that some conserved function(s)
may be performed by different capsid proteins in DHV-1 or LV
and other picornaviruses (Johansson et al., 2002).Analysis of nonstructural proteins
Some of the nonstructural proteins of DHV-C80, particu-
larly 2C, 3C, and 3D, contain motifs typical of well under-
stood proteins in other picornaviruses. The 2C sequence
EPbxbbbxGxxGxGKS, QxbbubDD, and KGxx*xSxbubxS(/T)
TN (b, bulky hydrophobic residues; u, bulky aliphatic resi-
dues; *, aromatic residues; x, any residue), which occurs at
position 137, 186, and 225, respectively, conform with the
conserved nucleic acid binding domain of the putative
picornavirus helicase (Kadaré and Haenni, 1997). The third
motif was found to be altered to KGxx*xGxbubxTTN in
DHV-C80. The 3Cpro that participates in most of the cleavages
of picornavirus polyprotein contains a catalytic triad formed
by histidine, aspartate/glutamate, and cysteine (Ryan and Flint,
1997). These amino acids are conserved in all picornaviruses,
and they were seen in DHV-C80 3Cpro at positions 44, 75, and
150, respectively. The prediction that aspartate forms part of
the catalytic triad would fit DHV-C80 into the lineage ‘B’
group of viruses, all of which contain this residue at the
equivalent position (Ryan and Flint, 1997). A motif, GxCG,
was considered to form a part of the active site and was also
present in DHV-C80. The 3D polymerase protein shows the
highest level of sequence identitywhen proteinswere compared
across genera, although in no instance did this exceed 40%.
However, five highly conserved motifs (KDELR, DxxxxD,
GxxPSGxxxTxxxN(S/T), YGDD, FLKR) in picornavirus 3Dpol
(Koonin, 1991) were found at positions 150, 224, 277, 317, and
365 respectively in DHV-C80 3Dpol. For PSG in the motif
GxxPSGxxxTxxxN(S/T), the proline is replaced by cysteine in
DHV-C80.
Fig. 3. Comparison of the terminal regions and the predicted cleavage sites of the polyprotein of DHV-C80 with those of LV strain 87-012. The cleavage sites of LV87-
012 are according to Johansson et al. (2002). Identical amino acids are shaded. The numbers of amino acids separating the amino acids shown in detail around the
proposed cleavage sites are indicated using <number> in the alignments. The autocleavage motif NPG|P in 2A1 and H-box and NC-box in 2A2 are labeled. The
conserved CPRP tetrapeptide in VP0 of DHV-C80 and LV87-012 are marked with xxxx.
13Rapid CommunicationBoth the L and 2A proteins have been described as having
four apparently unrelated structural forms, and this diversity
sets them apart from all other proteins conserved across the
entire picornavirus family (Johansson et al., 2002). In predicted
30 residues L protein of DHV-C80, neither the catalytic dyad
(Cys and His) nor a putative zinc-binding motif (Cys-His-Cys-
Cys) (Ryan and Flint, 1997) could be identified. Surprisingly,
LVs of the genus Parechovirus exhibit a unique feature, which
contain a cluster of two unrelated 2A proteins (2A1 and 2A2)
(Johansson et al., 2002). Examination of the DHV-C80 data
revealed that a cluster of two unrelated 2A proteins (2A1 and
2A2) are also present at the corresponding region in DHV-C80
(Fig. 3). The N-terminal 2A1 is related to the NPGP family of
2As encoded by aphtho-, cardio-, erbo-, and teschoviruses, and
the C-terminal 2A2 belongs to the H-NC family of 2As encoded
by parechoviruses, kobuviruses, and Avian encephalomyelitis-
like virus (AEV) (Ryan and Flint, 1997; Johansson et al., 2002;
Kim et al., 2006; Tseng et al., 2007).
Compared to LVs, the DHV-1 has 161-aa-longer N-
terminus of 2A2 (Fig. 3) which exhibits little similarity insequence to 2A proteins of all other picornaviruses (data not
shown). Comparison of the DHV-C80 2A2 with protein
databases using BLASTP in GenBank revealed that the N-
terminus of 2A2 (amino acid position 2 to 167), surprisingly,
contains a putative conserved AIG1 domains and exhibits a
significant similarity to GTPase of immunity associated
protein (GIMAP) family such as GIMAP1 (Rattus norvegicus,
25%), GIMAP2 (Macaca mulatta, 28%), GIMAP3 (Mus
musculus, 31%), GIMAP4 (Danio rerio, 29%), GIMAP5
(Homo sapiens, 31%), GIMAP6 (R. norvegicus, 31%),
GIMAP7 (D. rerio, 33%), GIMAP8 (Canis familiaris, 28%),
and GIMAP9 (D. rerio, 29%). The prototype gene of GIMAP
family was found in Arabidopsis thaliana and designated as
AIG1 for avrRpt2-induced gene (Reuber and Ausubel, 1996).
Alignment of protein sequences was conducted with ClustalW
using AIG1 as an out-group. The so-called AIG1 domain
exhibits the five motifs G1–G5 (Sprang, 1997) characteristic for
GTP/GDP-binding proteins. In addition, the AIG1 domain
contains a unique, highly conserved, hydrophobic motif
between G3 and G4 (Fig. 4).
Fig. 4. Multiple sequence alignment of DHV-C80 2A2, AIG1, and selected GIMAPs. The accession numbers of AIG1 and GIMAPs sequences used in ClustalWare as
follows: AIG1 AAC49282; GIMAP1 NP_001030021; GIMAP2 XP_001102819; GIMAP3 NP_112537; The motifs G1–G5 characterizing GTP-binding domains and
the conserved box (CB) unique to AIG1 domains (Sprang, 1997; Krücken et al., 2004) are indicated above the alignment. In the conserved sequence for CB, @
represents an aromatic and $ an acidic amino acid, while x represents a non-conserved position. The AIG1 domain is indicated with dot. The H-box and NC-box in
DHV-C80 2A2 are labeled.
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Picornavirus 3′UTRs differ in length, ranging from 40 nt in
Human rhinovirus and 237 nt in Aichi virus (Yamashita et al.,
1998). However, the 3′UTR of DHV-C80 is 314 nt long, the
longest among all the viruses of Picornaviridae. In several
picornaviruses, the 3′UTR has functionally important second-
ary or tertiary structure domains. Whether the 3′UTR of DHV-1
consists of three double-stranded hairpin stems, as seen in
EMCV, two stems, as seen in Human poliovirus 1 (PV1) and
Foot-and-mouth disease virus, or a single stem, similar to
HRV and Human hepatitis A virus (HAV) (Yamashita et al.,
1998), could not be determined. As shown in Table 2, DHV-
C80 and HAV share a higher level of 3′UTR sequence identity.
Discussion
Most recently, the genome sequences of five DHV-1 strains
were determined (Kim et al., 2006; Tseng et al., 2007), which
enables us to compare this virus with other viruses at the nucleicacid and protein levels. In general, all picornaviruses have the
same basic genomic organization, but the different genera
exhibit specific characteristics, particularly with regard to 5′
UTR structure, the L and 2A proteins, and the 3′UTR (Ghazi
et al., 1998). Comparative sequence analysis showed that DHV-
1 possesses the typical picornavirus genome organization but
also exhibits several unusual features, such as the absence of a
predicted maturation cleavage of VP0, the presence of multiple
and distinct 2A proteins, and possession of the longest 3′UTR
in the family Picornaviridae (Kim et al., 2006; Tseng et al.,
2007). The molecular analysis of DHV-C80 in the present study
further confirms that DHV-1 has these unique characteristics but
present several different interpretations of some of the informa-
tion, including analysis of IRES, 2A proteins, and L protein.
The picornavirus 5′UTR has at least two functional domains;
the 5′-terminal portion seems to be involved in RNA
replication, while the 3′-proximal portion makes up the IRES,
involved in translation (Wimmer et al., 1993; Ghazi et al.,
1998). To date, four distinct types of picornavirus IRES
elements have been recognized. The rhino- and enterovirus
15Rapid CommunicationRNAs contain type I IRES, whereas aphtho-, cardio-, erbo-,
kobu-, and parechoviruses possess type II IRES. The IRES of
HAV is called type III. The PTV1 RNA contains a fourth class
of picornavirus IRES element which has strong functional and
sequence similarities to the HCV IRES (Wimmer et al., 1993;
Chard et al., 2006). It has been proposed that DHV-1 5′UTR
possesses a type II IRES, similar to LV and HPeV (Kim et al.,
2006; Tseng et al., 2007). However, untypical Yn-Xm-AUG
motif (Wimmer et al., 1993; Chard et al., 2006), Y5-X5-AUG or
Y7-X71-AUG, can also be observed in the DHV-1 strains
analyzed by Kim et al. (2006) and Tseng et al. (2007), which is
not consistent with that of the type II IRES (Wimmer et al.,
1993). The alignment of 5′UTR nucleotide sequence in this
study indicated that DHV-1 has same sequence of 12 nt with
HCV and shows very high degree of sequence identity (11 of
12 nt identical) with PTV1 in the region that corresponds to the
entire subdomain IIIe. In addition, a pseudoknot structure (IIIf)
can also be predicted to form in the adjacent region of IIIe in
DHV-C80 5′UTR (see Figs. 1 and 2). Therefore, it is concluded
that 5′UTR of DHV-1 may possess a type IV IRES, similar to
PTV1 and HCV (Chard et al., 2006).
A short L protein is predicted to precede VP0 in DHV-C80,
the removal of which would expose a myristylation signal
(GAVES). It is probable that the virion morphogenesis of DHV-
1 relies upon myristylation of VP0 which is coupled with
proteolytic removal of L peptide. The potential myristylation
signal (GAVES) also exists in the N-terminus of polyprotein
(position 31–35) of other DHV-1 strains analyzed recently,
however, Kim et al. (2006) and Tseng et al. (2007) suggested
that DHV-1 lacks a VP0 N-terminal consensus sequence for
myristylation. Whether the 30 amino acids downstream of the
initiation codon are a real L protein or not remains to be
confirmed by analysis of VP0 protein purified from DHV-1
particles.
Similar to LV (Johansson et al., 2002), DHV-1 possesses
multiple, structurally different 2As (Kim et al., 2006; Tseng et
al., 2007). In the present study, DHV-C80 is predicted to have
an association of aphathovirus-like 2A1 of 20 amino acids and
parechovirus-like 2A2 of 285 amino acids and an AIG1 domain
in the N-terminus of 2A2 as suggested by Kim et al. (2006).
Compared to LV 2A2, DHV-1 2A2 contains a 161-aa-long N-
terminal extension, which was predicted by Tseng et al. (2007)
to form a separated mature protein (2A2), thus the remaining
124-aa-long C-terminus of parechovirus-like 2A in DHV-1 was
predicted to form another mature protein (2A3). However, the
predicted extra cleavage site S|H between 2A2 and 2A3 is not a
typical picornavirus 3Cpro cleavage site and it remains to be
confirmed by direct experimental data (Tseng et al., 2007).
Regardless of whether DHV-1 have a cluster of two 2As as
suggested in this study and by Kim et al. (2006) or three in-
tandom 2As as demonstrated by Tseng et al. (2007), it is evident
that DHV-1 has the compatibility of different 2A2 which may
contribute to the evolutionary potential of picornaviruses
(Johansson et al., 2002). GTPase or GTP-binding proteins are
ubiquitously expressed and regulate a wide variety of different
processes in cells. In recent years, several reports have
described novel GTPase defining a new family specific forvertebrates and angiosperm plants. The genes encoding these
small GTPase belong to a family which is evolutionary
conserved among Arabidopsis, mouse, rat, and human. These
GTPase are not found in the well characterized genomes of
unicellular organisms such as Saccharomyces cerevisiae and
Schizosaccharomyces pombe, or vertebrates including the
model organisms Caenorhadbitis elegans and Drosophila
melanogaster (Krücken et al., 2004). The unprecedented
presence in 2A locus of a domain similar to AIG1 protein
(Reuber and Ausubel, 1996), the prototype of GIMAP family
(Krücken et al., 2004), may demonstrate a cellular origin of
DHV-1 2A gene. Further studies are necessary for helping us to
understand the unique benefits to a picornavirus associated with
a cluster of multiple 2A proteins and an AIG1 domain and to
understand the origin and evolution of viruses.
The analysis of DHV-C80 genome presented here demon-
strates clearly that DHV-1 is a member of the family Picor-
naviridae and that this virus is related most closely to the
members of the genus Parechovirus based on the highest
amino acid similarity of polyprotein and individual proteins
with parechoviruses and several genomic features similar to
LV, such as the absence of a predicted maturation cleavage of
VP0, a conserved CPRP tetrapeptide in VP0 that is typically
found in VP1 of other picornaviruses, and the association of
two different 2A proteins. However, the amino acid sequence
identities between polyprotein of DHV-C80 and parecho-
viruses are less than 30%, and the amino acid sequence
identities between individual proteins including conserved 2C
and 3D of DHV-C80 and parechoviruses are all less than 40%.
In addition, DHV-C80 exhibits several exceptional genomic
features, including the similarity of IRES of DHV-C80 to that
of PTV1 and HCV, the longest 3′UTR in the Picornaviridae,
the presence of a short leader protein, and the unprecedented
presence of an AIG1 domain in 2A locus. These data,
therefore, indicate that DHV-1 belongs to a new group of the
family Picornaviridae that may form a separate genus most
closely related to the genus Parechovirus.
Materials and methods
Virus and RNA
DHV-C80, originally isolated from the duck viral hepatitis
outbreak in China, was obtained through 80 passages in chicken
embryo and stored as an attenuated vaccine strain of DHV-1
in our laboratory. The virus containing allantonic fluid was
harvested from embryonated chicken eggs 24–48 h postinocula-
tion. Cellular debris was removed by low-speed centrifugation.
Virus was purified from the supernatant by treatment with equal
volume of chloroform for 15 min and centrifuged at 10,000 rpm
for 30 min. The virions in the supernatant were then precipitated
by ultracentrifugation at 40,000 rpm for 3 h. The virus
containing pellet was resuspended in phosphate buffer saline
and stored at −20 °C until use. Viral RNA was extracted from
100 μl concentrated virus suspension prepared above using
BioSpin RNA Simply P Purufication Kit (Bioer Technology
Co., Ltd) according to the manufacturer's instruction.
16 Rapid CommunicationReverse transcription-polymerase chain reaction (RT-PCR)
and sequencing
The complete sequence of the genome of DHV-C80 was
determined using a combination of techniques. Most of the
sequence was derived from RT-PCR products that were
amplified directly from viral RNA. Initially, degenerate primers
were designed to anneal to sites encoding conserved amino acid
motifs that were identified on the basis of alignments of
available picornavirus 3D, 2C, VP3, and VP0 sequences
downloaded from GenBank as there was no reported DHV-1
genome sequence then. Additional, specific primers were
designed as sequences were generated from RT-PCR products
amplified with the degenerate primers and as DHV-1 sequences
became available from the GenBank. The 3′ and 5′ end of the
genome were obtained by 3′ and 5′ rapid amplification of
cDNA ends method using 3′/5′-Full RACE Core Set (TaKaRa
Biotech Co., Ltd) according to the manufacturer's instruction
with minor modification. In all cases, the RT-PCR products
were gel-isolated, purified, TA-cloned into PGM-T vector
(Tiangen Biotech Co., Ltd), and then sent to company for
sequencing (Augct Biotechnology Corporation). Once the
complete genomic sequence had been determined, it was
confirmed by sequencing a series of independently amplified
RT-PCR products spanning the entire genome. Positive- and
negative-sense sequencing primers, at intervals of approxi-
mately 800 nt, were used to generate a confirmatory sequence.
The confirmatory sequence was identical to the original
sequence.
Sequence analysis
Sequence alignments were generated by using the Clustal W
1.83 program (http://align.genome.jp/) with the Gonnet matrix
and ClustalWmatrix as the comparison scoring tables for protein
and cDNA comparisons respectively. To illustrate the conserva-
tion of selected alignments, the results of sequence alignments
were presented by using GeneDoc program with default
similarity groups (Nicholas et al., 1997). The RNA secondary
structures were predicted with the programMFOLD 3.2 (Zuker,
2003) and drawn with RnaViz 2.0 program (Rijk et al., 2003).
Nucleotide and protein sequences
The accession numbers of picornavirus sequences used for
comparison in this study are as follows: the genus Enterovirus,
Poliovirus 1 strain Mahoney (PV1M) (NC_002058); the genus
Rhinovirus, Human rhinovirus 14 (HRV14) (NC_001490); the
genus Cardiovirus, Encephalomyocarditis virus strain Ruckert
(EMCV) (M81861); the genus Aphthovirus, Foot-and-mouth
disease virus type O (FMDV) (AF308157); the genus Hepato-
virus, Hepatitis A virus (HAV) (M59810); the genus Parecho-
virus, Human parechovirus type 2 strain CT86-6760 (HPEV2)
(NC_001897) and Ljungan virus strain 87-012 (LV87-012)
(NC_003976); the genus Erbovirus, Equine rhinitis B virus 1
strain P1436/71 (ERBV) (X96871); the genus Kobuvirus, Aichi
virus strain A846/88 (AiV) (AB010145); the genus Teschovirus,Porcine teschovirus 1 strain Talfan (PTV1) (AB038528). The
nucleotide and protein sequence of five DHV-1 strains deposited
to GenBank recently were also used. These include strain O3D
(DQ249299), strain H (DQ249300), and strain 5886
(DQ249301), strain DRL-62 (DQ219396), and strain R85952
(DQ226541).
Nucleotide sequence accession number
The genome sequence of DHV-C80 described in this study
has been submitted to GenBank and has been assigned
accession number DQ864514.References
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